Abstract-In this letter, we introduce the concept of enabling unequal error protection (UEP) with space shift keying (SSK)-type modulation that encodes the source information entirely in the antenna indices. Unique characteristics associated with SSKtype modulation as compared with conventional pulse/quadrature amplitude modulation (PAM/QAM) are discussed in the context of UEP design. Three general design concepts for two-level and three-level UEP are presented. Simulation results confirm the multilevel bit protection capabilities of the proposed hierarchical spatial constellation designs.
I. INTRODUCTION

S
INCE in multimedia applications some parts of the compressed video bitstream (e.g., H.264/AVC bitstream) contribute more to the perceived quality of the video than others, using unequal error protection (UEP) techniques can improve the quality of multimedia delivery over wireless fading channels. One common approach to UEP is to employ a nonuniform arrangement of the signal constellation. This approach has been studied for uncoded phase and amplitude modulation, such as phase shift keying (PSK) [1] and pulse/quadrature amplitude modulation (PAM/QAM) [2] , [3] , as well as for combined coding and modulation [4] .
Spatial modulation (SM) [5] - [7] is a type of modulation that encodes the source information in the combination of antenna indices and traditional phase and amplitude modulations. An implementation of SM that encodes the source information fully in the antenna indices is a promising low-complexity modulation scheme for future multiple-input multiple-output (MIMO) wireless communications. This includes space shift keying (SSK) [8] - [10] , generalized SSK (GSSK) [11] , and Hamming code-aided SSK (HSSK) [12] . In this letter, we investigate UEP provision in combination with this class of modulation. We point out new features of spatial constellation that require new approach to UEP, and propose three easily generalizable UEP design concepts. The UEP performance of exemplary hierarchical schemes is demonstrated by simulation. The bit capacities, average power consumption, and hardware requirements (the required number of radio frequency (RF) chains at the transmitter [13] ) for these schemes are also examined.
This letter is organized as follows. Sec. II presents the system description. The proposed hierarchical modulation schemes are described in Sec. III. Performance results are demonstrated in Sec. IV. Conclusion is given in Sec. V.
Notations:
In this letter, I N is the N × N identity matrix, (·) T and (·) H the vector transpose and conjugate vector transpose, · the l 2 -norm of a vector, | · | the cardinality of a set, E the expectation operator.
II. SYSTEM DESCRIPTION
We consider an uncoded MIMO system with N T transmit antennas and N R receive antennas (denoted by an N T × N R system). The system employs an SSK-type modulation scheme that uses solely the antenna indices to carry information. The complex baseband signal model is given by
where y ∈ C NR×1 is the received signal,x is the N T × 1 transmitted symbol comprised of 1's (corresponding to activated antennas) and 0's (corresponding to idle antennas), H ∈ C NR×NT is the flat-fading channel, v ∈ C NR×1 is the additive white Gaussian noise (AWGN), and E s is the transmit power at each transmit antenna. Channel matrix H has independent and identically distributed (i.i.d.) complex Gaussian entries with zero mean and covariance matrix σ Given the signal model in (1), optimal symbol detection is the maximum likelihood (ML) estimate, i.e.,
The system performance based on ML detection can be quantified by first deriving the pairwise error probability (PEP) and then averaging the PEP over all pairwise symbol combinations [11] , [12] . The system error probability P s is bounded by
where ω = (2N T ) NR /2 and d(x i , x j ) is the Hamming distance between symbols x i and x j . Clearly, at a given operating E s /N 0 the dominant terms in (3) correspond to pairs of symbols with small pairwise Hamming distances. Hence, the minimum Hamming distance between arbitrary two symbols, d min = min xi,xj∈A,i<j d(x i , x j ), determines the system performance.
III. HIERARCHICAL SPACE SHIFT KEYING
A. Principles of Hierarchical Modulation
The technique of UEP in combination with phase and amplitude modulation such as PAM and QAM employs 1089-7798/12$31.00 c 2012 IEEE a nonuniform constellation placement so that constellation points labelled by distinct values of the higher priority bit(s) are separated by greater Euclidean distances. To achieve UEP with hierarchical SSK-type modulation, intuitively, we may consider a similar strategy of nonuniform constellation placement yet in terms of the Hamming distance. However, new features of spatial constellation call for new design solutions, as discussed below.
1) While the signal constellation of PAM/QAM is one/twodimensional, the spatial constellation of SSK-type modulation is N T -dimensional. More specifically, the Euclidean distance is defined on R 1 (PAM) or R 2 (QAM), whereas the Hamming distance is defined on {0, 1}
NT . As a result of multidimensionality, it is not always possible to group spatial constellation points into subsets so that inter-subset distances are greater than intrasubset distances. For example, if we try to group
T into two subsets of size 2, we will end up with intra-subset distances being 2 and inter-subset distances being 2 and 4 (e.g., by placing the former two into a subset and the latter two into the other). The inter-subset distance is not greater than the intra-subset distance for some symbol combinations. 2) Since the Euclidean distance is defined on the set of real numbers, it can be adjusted quite arbitrarily for PAM/QAM. On the contrary, the adjustment of the Hamming distance defined on binary numbers is subject to the constraint of available number of transmit antennas and the set of all possible antenna indices for SSK-type modulation. Furthermore, the Hamming distances can only be positive integers and the ratios between distances have limited possibilities. An example of conventional hierarchical modulation is shown in Fig. 1(a) for 16-HQAM (hierarchical QAM). The distance factor α = a/b is adjusted to yield different degrees of two-level protection. When α > 1, UEP is provided for two high-priority (HP) bits, which map to one of the four quadrants, and two low-priority (LP) bits, which map to a signal point in a quadrant. Given the same average signal power, increasing α increases the HP protection but decreases the LP protection. Note that three-level protection with 64-HQAM can be quantified similarly, where two distance factors are defined and three priorities, i.e., HP, mid-priority (MP), and LP, are supported [2] .
Due to the multidimensionality of spatial constellations, the distance factors for hierarchical SSK-type modulation cannot be defined in as visually intuitive way as for HQAM. Motivated by the fact that d min determines the error-rate performance as presented in Sec. II, we propose to define the distance factors as
for two-level and three-level protection, respectively, where d constellation and facilitates the UEP design for hierarchical SSK-type modulation. An example is shown in Fig. 1(b) , which will be further examined as we present exemplary UEP designs in the following.
B. UEP Designs
We consider enabling UEP with GSSK [11] (including SSK) and HSSK [12] . GSSK employs a fixed number of n t 1's and N T − n t 0's in each modulation symbol (SSK is a special case with n t = 1). For example, to support 2 bits per transmission in a system with N T = 4, the SSK alphabet is
HSSK employs a varied number of 1's for each modulation symbol based on the Hamming code (in general, binary linear block code) construction technique. For example, to support 3 bits per transmission in the same system with N T = 4, the HSSK alphabet incorporates the eight codewords of the (4, 3) binary parity check code 1 with the last bit of each codeword complemented, and is given by
To exemplify our UEP designs with GSSK and HSSK, we consider offering two-level protection for a source symbol consisting of 1 HP bit and 2 LP bits in a system with N T = 7. Three design concepts are introduced, the first two based on hierarchical HSSK (H-HSSK) and the third one based on hierarchical GSSK (H-GSSK). 
Design Concept 1 (H-HSSK, Concatenation):
The first UEP design with HSSK is to map the HP/LP bit(s) to an alphabet constructed from a code with a larger/smaller d and concatenate the two alphabets to form the H-HSSK alphabet. The idea is similar to the concatenation of codes (see, e.g., [14, Sec. 6.2.1]) although notable distinctions can be made between UEP with uncoded modulation (our consideration) and with channel coding in terms of channel model, detection, and error patterns. An example of this UEP design is shown in Fig. 2(a the two LP bits map to the four codewords of the (3, 2)
The concatenated codewords form the eight symbols of the UEP scheme, denoted by (4, 1)(3, 2) H-HSSK, as shown in Table I . Binary-coded bit mapping is adopted for the binary symbols. This construction principle can also be generalized to provide three-level protection. For instance, (4, 1)(3, 1)(3, 2) H-HSSK can support 1 HP, 1 MP, and 2 LP bits transmission in a system with N T = 10. This specific scheme has eight constellation points as illustrated in Fig. 1(b) where we show a 2-D representation of the multidimensional constellation. The HP bit maps to the left and right half planes, the MP bit maps to the upper and lower half planes, and the two LP bits map to signal points in a quadrant. For this scheme, α = 4/3 = 1.33 and β = 3/2 = 1.5.
Design Concept 2 (H-HSSK, Time-sharing):
The second UEP design with HSSK is to collect several source symbols and transmit bits of different priorities separately. As shown in Fig. 2(b) , the HP (LP) bits map to the nonhierarchical HSSK alphabet constructed by the (7, 3) ((7, 6)) code with d = 4 (d = 2) and transmitted at time t (t+1) ("time sharing"). This scheme is denoted by (7, 3) + (7, 6) H-HSSK, with d
(LP) min = 2, and α = 4/2 = 2. Clearly, this design strategy can easily be generalized to provide three-level protection and support different bit rates.
Design Concept 3 (H-GSSK):
The UEP design based on GSSK is to map the HP bit to two groups, one consisting of GSSK symbols with n t 1's and the other consisting of "complemented" GSSK symbols with N T − n t 1's, and map the LP bits to different symbols in each group. The value of n t is chosen such that
and n t ≤ N T /2 − 1 if there are m LP bits, where the latter ensures α ≥ 1 to achieve UEP. For the example in Fig. 2(c) , we have n t = 1, and the eight symbols of this specific scheme, denoted by 7 1 7 6 H-GSSK, are shown in Table I . As can be seen, d
(LP) min = 2, and α = 5/2 = 2.5 for this scheme. This design strategy applies to two-level protection only and supports HP bit rate of one.
IV. SIMULATION RESULTS
Based on the three design concepts, different hierarchical schemes can be produced with various degrees of protection, Source bits (4, 1)(3, 2) H-HSSK symbols T capacities for each bit priority, system requirements, and performance. To reflect typical application scenarios and achieve meaningful comparisons with nonhierarchical schemes, we produce different hierarchical schemes with the following considerations: 1) d
, where C stands for the capacity for the corresponding bit priority. The considered hierarchical schemes are summarized in Table II , and the bit-error-rate (BER) performance versus signal-to-noise ratio (SNR) results are shown in Figs. [3] [4] [5] (BER values at SNR = 16 dB are included in Table II to Table II , we see that with the same d min , H-HSSK7 achieves higher capacity at the cost of minor BER performance degradation and a larger number of required RF chains. The analytical BER performance upper bound, derived by summing over pairs of symbols labelled by distinct values of the HP/LP bits in (3), is also plotted in Fig. 4 for H-HSSK4, which is loose for low SNR and tighter for high SNR. Table II , we see that H-HSSK6 achieves notably improved HP protection with a larger α, and slightly better MP and LP protection with the same β, at the cost of lower total capacity. Fig. 3 . BER performance for two-level hierarchical SSK-type modulation schemes (7 × 7 system) versus nonhierarchical scheme (7 × 7 system) and 32-HQAM (1 × 7 system), for 5 bits/s/Hz transmission. Fig. 4 . BER performance for two-level hierarchical SSK-type modulation scheme (7 × 7 system) versus nonhierarchical scheme (7 × 7 system), for 2 bits/s/Hz transmission.
V. CONCLUSION Hierarchical SSK-type modulation schemes have been proposed. The nonuniform arrangement of multidimensional spatial constellation was developed and visualized through an illustrative example. A detailed study of the performance, requirements (hardware and power), and capacities of various hierarchical schemes offered insights into the use of spatial modulation for multimedia delivery over low-bit-rate wireless channels. 
